A small defective generalized transducing bacteriophage (CA3) has been detected in culture supernatants of the nitrogen-fixing hydrogen bacterium Xanthobacter autotrophicus GZ29. This phage had a head diameter of 37 to 43 nm, and it had a low specific density of 1.349 g CM-~, probably due to a small DNA molecule of 3.3 x lo6 molecular weight. The phage did not form plaques on any of the X . autotrophicus strains tested and therefore was detectable only by its transducing activity and by electron microscopy. All genetic markers tested were transducible at frequencies of about per marker per phage particle. No cotransduction of markers was detected. Due to the high transduction rate and the small size of the DNA molecule, it is assumed that CA3 particles contain mainly or exclusively chromosomal DNA.
INTRODUCTION
We have detected a generalized transducing bacteriophage in Xanthobacter autotrophicus GZ29. According to a recent taxonomic study (Wiegel et af., 1978) this bacterium belongs to the family Azotobacteraceae. Besides the ability to oxidize molecular hydrogen and to fix carbon dioxide, X . autotrophicus has two further characteristics presently under extensive biochemical investigation: the ability to use N2 as a nitrogen source and the ability to use methanol as a growth substrate. In the present report, the new transducing bacteriophage and its usefulness for biochemical genetics are described.
METHODS
Strains. These are listed in Table 1 . Growth conditions. Strains were grown at 30 "C in the mineral medium of Schlegel et nl. (1961) . Solid media contained 1.2% (w/v) agar (Difco). As heterotrophic carbon source 0.5 96 (w/v) sucrose was added. For autotrophic growth the cultures were incubated under an atmosphere of 10% 02, 10% C02 and 80% H2. Auxotrophic mutants were grown in medium supplemented with 0.5 % (w/v) yeast extract (Difco) or the necessary supplements (adenine, 5 pg ml-l; methionine, 25 pg ml-l; phenylalanine, tryptophan, 50 pg m1-1; isoleucine, leucine, valine, 100 pg ml-l). Streptomycin and rifampicin were added at 200 and 50 pg ml-1, respectively.
Isolation ofrnutants. Bacteria incubated for 24 h on agar were suspended in 2 vol. sodium nitrite solution (1.7 mg ml-1) plus 1 vol. 0.6 M-sodium acetate buffer, pH 4.5. Mutagenesis was stopped after 22 min (90% killing) by 1 : 10 dilution in 0.05 M-potassium phosphate buffer, pH 8.1. The bacteria were separated by centrifuging, washed once and resuspended in supplemented sucrose mineral medium. After incubation for 48 to 72 h for phenotypic expression, bacteria were separated by centrifuging and incubated for 8 h (stamation). Then 2% (w/v) glycine was added and incubation was continued for 16 h in order to kill growing wild-type bacteria. This enrichment cycle was normally repeated to get an easily detectable number of mutants of the desired phenotype.
For isolation of auxotrophic mutants, growth and phenotypic expression were done in sucrose mineral medium supplemented with 0.5 % yeast extract, and starvation and glycine-dependent killing of prototrophs str-1 str-1 car-1 met-6 str-1 car-1 met-6 trp-1 str-1 car-1 ade-1 met-9 ilv-1 str-1 car-1 ade-1 met-9 phe-1 rif 1 rif-1 aut-023 rif-1 aut-033 rif-1 aut-036 rif-1 aut-065 rif-1 aut-132 * car, Colony colour white; aut, no autotrophic growth.
were done in unsupplemented sucrose mineral medium. For isolation of autotrophic-negative mutants, phenotypic expression was done in sucrose mineral medium, and starvation and selective killing were done in mineral medium exposed to the autotrophic atmosphere. Mutants were identified by the standard replica-plating technique. Colonies that did not grow on the selective medium were classified using a modification of the scheme of Holliday (1956) and their carbon source utilization spectrum was determined.
The colourless mutant GZ29 S10 was detected after mutagenesis from among about 5000 yellow wild-type colonies. Streptomycin-and rifampicin-resistant mutants were obtained without mutagenesis.
Preparation for gene transfer. The donor strain was grown in sucrose mineral medium to an A646 of 5.6 to 6.0. The bacteria were then removed by centrifuging and the culture supernatant was passed through a membrane filter (0.45 pm pore size) and tested for sterility on sucrose mineral medium plates. This donor filtrate was kept at 4 "C and was stable for many months.
For concentration of the gene transfer activity, 10% (w/v) polyethylene glycol (type 6000) plus 0.5 MNaCl (Yamamoto et al., 1970) was added to the cell-free culture supernatant. After 24 h incubation at 4" C the supernatant was centrifuged at 6000 g at 4 "C for 1 h. Then 1/100 of the starting volume of 0.01 Mpotassium phosphate buffer, pH 7.0, plus 0.1 yo (w/v) yeast extract was added to the sediment which was kept for 24 h at 4 "C.
Enzymic treatment of the gene transfer activity preparation. For a sensitivity test, the donor filtrate was treated with DNAase, RNAase, Proteinase K or lipase (each at 100 pg ml-l) at 30 "C for 30 min before use in the gene transfer activity assay. Treatment with DNAase was in the presence of 0.01 M-MgCl,. CsCl density gradient centrifugation. A cellulose nitrate centrifuge tube (Beckman) was filled with 2 ml CsCl solution of density 1.575 g cm-s, 1 ml of density 1-475 g ~m -~, 3 ml of density 1-375 g ~r n -~ and 7 ml polyethylene glycol-concentrated gene transfer activity preparation. After 3 h centrifuging at 10 "C and 9OOOOg in a swing-out rotor, the gradient was fractionated (0.6 ml fractions). The density of the fractions and their gene transfer activity (0.1 ml recipient bacteria, 0.85 ml 0.01 M-potassium phosphate buffer, pH 7.0, and 0.05 ml sample) were measured.
Gene transfer activity assay. Recipient bacteria were grown to an A546 of between 4.0 and 8.0 in sucrose mineral medium with 0.1 yo yeast extract and the specific supplements. They were then harvested by centrifuging for 10 min at 5000 g at room temperature and resuspended in 0.01 M-potassium phosphate buffer, pH 7.0, to give an A546 of 40.0 (about 4 x 10" bacteria ml-l). To 0.9 ml donor filtrate, 0.1 ml of the recipient suspension was added and incubated at 30 "C for 1 h with gentle shaking (shaking was essential to prevent sedimentation of the non-motile bacteria). Then 0-1 ml samples and appropriate dilutions of the gene transfer assay mixture were plated on selective medium as well as on complete medium for counting. Recombinants were visible after 3 to 4 d and were counted after 5 to 6 d. Non-selected markers in 250 colonies were scored on agar selective for one additional character.
For quantitative determination of the gene transfer activity, the met-6 marker of strain GZ29 S109 was used. The activity was expressed as the number of Met+ colonies per ml donor filtrate under the above assay conditions.
Electron microscopy. Phage particles in culture supernatants were prepared for electron microscopy by the negative-staining technique of Valentine et al. (1968), using 4 % (w/v) uranyl acetate, pH 4.8, as staining solution, The number of phage particles in the culture supernatants was estimated on the assumption that a phage concentration of at least lo8 ml-l was necessary for detection by the negative-staining technique (Bradley, 1967) . 
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For DNA length measurement, the CA3 phage suspension was heated for 15 min at 60 "C to release DNA from the phage head. After cooling at room temperature the solution was treated according to the droplet technique of Lang & Mitani (1 970) followed by a platinum/iridium rotation shadowing. Thirty-five uncoiled DNA molecules were photographed and their absolute length was determined. The equation of Lang (1970) was used for calculation of the molecular weight (1 ,urn = 2.07 x lo6).
Electron microscopy was performed with a Philips EM301 electron microscope at primary magnifications of 57000 and 15000 for the study of phage particles and DNA molecules, respectively.
Biochemicals. RNAase, DNAase and rifampicin were purchased from Boehringer. All other biochemicals and chemicals were from Merck.
RESULTS

Screening for fertile strains
A simple qualitative test for the detection of naturally occurring intraspecific gene transfer in hydrogen bacteria was used. A streptomycin-resistant mutant and a rifampicinresistant mutant were mixed on nutrient agar plates and incubated for 48 h. A loopful of bacteria was then streaked on a medium selective for colonies resistant to both antibiotics. A significant number of doubly resistant colonies (compared with control plates) was found in various crosses. Only crosses involving the slime-free strains X . autotrophicus GZ29, GZ27 and JW50 were positive; no doubly resistant colonies were found in crosses of slime-forming strains or of a slime-free mutant of the type strain 7c.
Characterization of the gene transfer activity
No direct cell contact was necessary for recombination between mutants in the X . autotrophicus crosses. Using the methionine autotroph GZ29 S 109 as recipient, prototrophic colonies were also obtained when recipients were incubated with the filter-sterilized culture supernatant of the prototrophic donor GX29 Rl. A maximum number of prototrophic colonies was obtained using filtrates of late-exponential phase donor cultures (Fig. 1) . Treatment of the donor filtrate with DNAase, RNAase or lipase did not affect the gene transfer activity, whereas the addition of Proteinase K to the donor filtrate caused a large decrease in the number of prototrophic colonies ( Table 2 ). The protein nature of the gene transfer activity was further confirmed by its temperature sensitivity. No prototrophic colonies were obtained if the donor filtrate was exposed to temperatures above 53 "C for more than 10 min. The gene transfer activity could be concentrated by sedimentation in the presence of polyethylene glycol 6000; concentration by ultracentrifugation was less effective ( Table 2) .
The specific density of the gene transfer activity was determined in a CsCl gradient. Incubation in a CsCl solution of 1.350 g ~m -~
for 5 h at 4 "C resulted in an activity loss of D. WILKE AND H. G. SCHLEGEL 87 yo. In a discontinuous CsCl gradient (Fig. 2) , about 50% of the gene transfer activity stayed on top of the gradient at a density of 1-072 g ~m -~. A small, but significant peak was found at a density of 1.349 g ~m -~ (the peak in Fig. 2 is not corrected for the strong CsCldependent inactivation).
The fractions of the CsCl gradient were further studied by electron microscopy. Fraction 9 (Fig. 2) , a peak of gene transfer activity, as well as the fractions on top of the gradient contained the small bacteriophage CA3 (Fig. 3) , whose dimensions are listed in Table 3 . It is assumed that CA3 is the transducing bacteriophage responsible for the filtrable, Proteinase K-sensitive, gene transfer activity in the culture supernatants of X . autotrophicus GZ29.
The low density of CA3 was found to be due to the relatively small amount of DNA in the phage heads. The DNA molecule had a length of only 1.6 rt 0.1 ,urn (molecular weight 3.3 & 0.2 x lo6) as determined by electron microscopy. More than half the phage head must, therefore, be empty which might explain the high number of phage particles on top of the gradient as well as the marked sensitivity of the gene transfer activity to hypertonic CsCl solutions. Two other larger bacteriophages, CAI and CA2, were found in X. autotrophicus GZ29. Their presence, however, did not coincide with the gene transfer activity in the CsCl gradient (Table 3) . Donor filtrates were obtained with a high gene transfer activity and a high number of CA3 particles, but without any electron microscopically detectable CA1 and CA2 particles. Neither CAI and CA2 nor the transducing bacteriophage CA3 formed plaques on any of the X. autotrophicus strains tested. A bacteriocin activity was not detected either. Electron microscopy indicated that CA 1 and CA2 were induced 10-fold by ultraviolet irradiation. Neither the formation of CA3 particles nor that of the gene transfer activity was inducible by ultraviolet irradiation or mitomycin C treatment, a further indication of the defective nature of the transducing bacteriophage.
A bacteriophage morphologically identical to CA3 was also found in X. autotrophicus strain JW50. Like strain GZ29, this had a high gene transfer activity (22000 Met+ colonies per ml) in its culture supernatant. No CA3-type particles were found in the less active strain GZ27 (1400 Met+ colonies ml-I) or in the inactive strain 7c SF.
All tested auxotrophic and autotrophic markers of X . autotrophicus GZ29 were transducible by CA3 (Table 4 ), indicating that the new genetic system caused generalized transduction. The transduction frequency of the different markers was of the order of 104 transductants per ml donor filtrate (containing about lo8 CA3 particles per ml) at a multiplicity of infection of less than 0.1. No cotransduction of a second selective or non-selective marker has so far been found.
A methionine prototrophic transductant from a cross GZ29 R1 (donor) x GZ29 S109 (recipient) was cloned five times on non-selective medium and then tested for stability of the transduced wild-type character. All 150 colonies scored were prototrophic indicating that the transduced DNA was stably integrated into the recipient chromosome.
Conditions for a standard transduction assay
When the recipients were incubated in the donor filtrate, the number of methionine prototrophs increased during 50 min and then remained constant. The competence of the recipients reached a maximum in the late-exponential growth phase and remained the same -f 250 colonies of each selected phenotype were tested for the non-selected markers. until the beginning of the stationary phase. No further increase in the number of transductants per ml donor filtrate was obtained in assays containing more than 4 x lo9 recipient bacteria per ml. Under these conditions the number of transductants increased linearly with the concentration of CA3 particles in the transduction assay.
Gene transfer activity of wild-type and mutants
Gene transfer activity in the culture supernatants of the wild-type and mutants differed considerably. Strain GZ29 R1 ($1) had a reproducible 10-to 20-fold higher gene transfer activity than the wild-type GZ29 (Table 5 ). This difference was not confined to a specific marker but was accompanied by a significant increase in CA3 particle formation in GZ29 R1 as compared with GZ29. On the other hand, among a number of autotrophic mutants of GZ29 Rl, strains were detected having a strongly reduced gene transfer activity and no detectable CA3 particles in their culture supernatants. We believe that a general instability of the phenotype 'CA3 particle formation' is due to this phenomenon, rather than to a direct influence of the various alleles on phage expression.
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DISCUSSION
The bacteriophage CA3 is the third gene transfer agent of a common type found in Gram-negative nitrogen-fixing bacteria. It is a very small phage, does not form plaques and brings about generalized transduction ( Table 6) .
The phage head of CA3 contains a very small DNA molecule of 3.3 x lo6 molecular weight, which may occupy about one-fourth of the head capacity compared with bacteriophages with similar dimensions (Hemphill & Whiteley, 1975) . This may cause the marked sensitivity of the gene transfer activity to hypertonic CsCl solutions and the relatively low density of the phage.
Several further conclusions can be drawn from the small size of the CA3 DNA molecule. Assuming the chromosome length in X . autotrophicus is similar to that in Escherichia coli
(1 -4 mm ; Cairns, I963), the CA3 DNA molecule amounts to only 0.1 % of the chromosome.
Thus, at least 1000 phage particles would be necessary to transfer every chromosomal marker once by generalized transduction. Since the transduction frequency per marker per phage particle was lo4, at least 10% of the phage population must contain chromosomal DNA. Since not every phage particle may adsorb at the recipient cell surface, and not every phage adsorption may succeed in a transfer and recombination event, the percentage of phage particles carrying chromosomal DNA will be even higher.
The uniform length of the DNA molecule in the CA3 particles (1.6 & 0.1 pm) is a good indication of a specific fragmentation process, cutting chromosomal DNA into identical pieces, which fill the phage heads only incompletely. CA3 therefore resembles other defective bacteriophages like the Bacillus subtilis phage PBSX (Okamoto et al., 1968) .
This investigation was undertaken to find a genetic system for autotrophic hydrogen bacteria. Compared with other generalized transducing phages, CA3 has some advantages as well as disadvantages. Transduction frequencies of systems using temperate bacteriophages are of the order of transductants per phage particle, whereas that of the defective bacteriophage CA3 is about Since the efficiency of this system is not limited by a low multiplicity of infection, the number of transductants per recipient depends only on the concentration of the phage stock solution. The disadvantage of the CA3 system is the small size of the transducing DNA which amounts to only about 1/20 of the DNA molecule of phage P1 (Ikeda & Tomizawa, 1965) . The molecular weight of 3.3 x lo6 corresponds to about six genes, allowing a cotransduction analysis of closely linked genes exclusively. The main use of the CA3 system in our work, therefore, is in the discrimination of multiple from pleiotropic mutations and the study of phenotypically identical mutants.
A genetic system allowing mapping of larger chromosomal regions in X . autotrophicus GZ29 will be described in a further publication.
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